Anionic PPV polymerization from the sulfinyl precursor route:Block copolymer formation from sequential addition of monomers by Cosemans, Inge et al.
  
 University of Groningen
Anionic PPV polymerization from the sulfinyl precursor route
Cosemans, Inge; Vandenbergh, Joke; Voet, Vincent S. D.; Loos, Katja; Lutsen, Laurence;





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2013
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Cosemans, I., Vandenbergh, J., Voet, V. S. D., Loos, K., Lutsen, L., Vanderzande, D., & Junkers, T. (2013).
Anionic PPV polymerization from the sulfinyl precursor route: Block copolymer formation from sequential
addition of monomers. Polymer, 54(4), 1298-1304. https://doi.org/10.1016/j.polymer.2012.12.070
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
at SciVerse ScienceDirect
Polymer 54 (2013) 1298e1304Contents lists availablePolymer
journal homepage: www.elsevier .com/locate/polymerAnionic PPV polymerization from the sulﬁnyl precursor route: Block
copolymer formation from sequential addition of monomersInge Cosemans a, Joke Vandenbergh a, Vincent S.D. Voet b, Katja Loos b, Laurence Lutsen c,
Dirk Vanderzande a,c, Thomas Junkers a,*
a Polymer Reaction Design Group, Institute for Materials Research, Hasselt University, Universitaire Campus, Building D, B-3590 Diepenbeek, Belgium
bDepartment of Polymer Chemistry and Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747AG Groningen, The Netherlands
c IMEC, Division IMOMEC, Wetenschapspark 1, B-3590 Diepenbeek, Belgiuma r t i c l e i n f o
Article history:
Received 20 November 2012
Received in revised form
23 December 2012
Accepted 24 December 2012




Anionic polymerization* Corresponding author. Tel.: þ32 (0)11 26 83 18; f
E-mail addresses: junkers@polymatter.net,
(T. Junkers).
0032-3861/$ e see front matter  2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.polymer.2012.12.070a b s t r a c t
The sulﬁnyl precursor route for the synthesis of poly(p-phenylene vinylene) (PPV) materials via an
anionic polymerization procedure employing dedicated initiators is evaluated in depth. Reaction kinetics
are investigated to gain more control over the polymerization, since polymerization proceeds to full
conversion already on the timescale of mixing of the reaction components. Even at 78 C almost full
conversion of the monomer is observed after few seconds. BEH-PPVs are obtained in the range of 3000 to
16,000 g mol1, whereby dispersity decreases with decreasing molecular weight, allowing for materials
with a PDI of 1.1 for the smallest PPV chain. Block copolymerizations were performed via sequential
addition of monomers to make use of the living PPV chain ends. Bimodal product mixtures are obtained,
consisting of block copolymer as well as PPV homopolymer. The block copolymer PPV-b-poly(tert-butyl
acrylate) could nevertheless be separated by selective precipitation as well as preparative chromatog-
raphy techniques.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Poly(p-phenylene vinylene)s (PPVs) are one of the most
important classes of conjugated polymers studied in polymer sci-
ence. These materials are applied as donor materials in thin layer
devices like organic light emitting diodes and organic photovoltaics
[1e4]. While newer classes of low-band gap polymers ﬁnd nowa-
days broader application in the realm of photovoltaics [5,6], PPVs
remain interesting materials for the simple reason that they can be
synthesized to high molecular weights with relative ease on larger
scale and e because they are mostly made via chain growth poly-
merizations e do suffer less from problems associated with
upscaling. Many synthesis routes were developed for these mate-
rials, from which the so-called precursor routes are the most
known and best studied pathways towards soluble and processable
PPVmaterials [7]. For most of these precursor routes a self-initiated
free-radical mechanism is observed for which little or no control on
molecular weight, endgroups or dispersity could be reached [8e
15]. For details on the different synthesis pathways, the reader isax: þ32 (0)11 26 83 01.
thomas.junkers@uhasselt.be
All rights reserved.referred to a recent review on the matter [7]. To allow for the
synthesis of advanced macromolecular structures with sophisti-
cated materials properties, good control over these parameters are,
however, required. Deﬁned block or graft copolymers will be only
accessible if endgroup and molecular weight control is achieved.
Generally, the ﬁeld of semi-conducting polymers runs behind that
of classical polymers with respect to advanced macromolecular
design and closing this gap will open up new avenues also outside
the classical ﬁelds of application of conjugated materials. Different
strategies for the synthesis of complex architectures and block
copolymers have already been described, for instance via theWittig
reaction, resulting in difﬁcult reactionedeprotectionereaction
methods yielding complex oligomers [16,17].
A recent study on the highly selective sulﬁnyl precursor route
[18] in the radical polymerization mode described for the ﬁrst time
that the chain length of PPVs could be controlled when large ex-
cesses of the transfer agent CBr4 were employed. The more equiv-
alents CBr4 were used, the lower was the molecular weight of the
obtained polymers, following the Mayo equation. Also the chains
could be extended with polystyrene (PS) in an ATRP (atom transfer
radical polymerization) reaction to reach a PPV-b-PS block co-
polymers [19]. Polydispersities of the PPV blocks remained, how-
ever on a level of roughly 2 or larger as must be expected for a chain
transfer polymerization.
I. Cosemans et al. / Polymer 54 (2013) 1298e1304 1299Also, in previous studies, we recently demonstrated that the
sulﬁnyl synthesis route allows for switching between the radical
polymerization route and an anionic polymerization mode
depending on the choice of solvent and base used to start the re-
action (Scheme 1) [20]. In the sulﬁnyl route, a strong base is gen-
erally required to eliminate a leaving group from a precursor
monomer to form a polymerizable quinodimethane system (see
Scheme 1 for structure). Under most reaction conditions these
quinodimethanes are unstable and undergo spontaneous radical
polymerization (it should be noted that in older literature very
often anionic polymerization conditions were erroneously postu-
lated; newer studies indicate that radical polymerization is much
more likely to occur) [9]. To switch from radical to anionic poly-
merization, the base employed in the in-situ-formation of the
actively propagating monomer was changed from tert-butoxide to
the more sterically hindered base LHMDS (lithium hexamethyldi-
silazide) while the solvent needs to be replaced by an aprotic sol-
vent such as THF [21].
Anionic polymerization occurs regardless of addition of a dedi-
cated initiator. Product characteristics are, however, greatly
improved when dedicated anionic initiators that resemble the
monomer in structure are employed as shown in Scheme 1. With
such component 1 reasonable control over molecular weight was
achieved via varying the concentration of initiator, even if some
non-idealities remained. Best results, also in terms of dispersity,
were obtained when high initiator concentrations were employed
in the synthesis [21]. It is important to note that the anionic PPV
polymerization proceeds after a double action of the base LHMDS;
the base is required to convert the precursor monomer, but also to
deprotonate the initiator. Only after such initiator formation step,
a conventional anionic polymerization may occur and a non-
conjugated polymer P10 is obtained, which can be thermally
























Scheme 1. Anionic polymerization ofIn our previous studies we demonstrated that a pure anionic
PPV polymerization can be achieved [20,21]. As mentioned above,
however, deviations from ideal polymerization were still observed
before and doubts remained about the initiation efﬁciency of the
employed initiator. In this contribution we try to elucidate further
how efﬁcient the polymerization is with respect to the endgroup
functionality in order to ﬁnd methodologies to utilize the poly-
merization procedure for block copolymer synthesis and self-
assembly of materials. To overcome the difﬁculties observed
before, we focus namely on three aspects of the polymerization:
(i) The anionic polymerizations are extremely fast and polymer-
izations occur on the timescale of mixing of the individual
components (initiator and base). Thus, two different reaction
procedures, that is the mode of addition of the initiator and
base to the reaction mixture, are investigated. In a further
attempt to gain more control over the polymerization re-
actions, also lower reaction temperatures (78 C) were
studied at different reaction times to see if better control
might be achievable under such conditions. With lowering the
temperature and reaction time, kinetics can be inﬂuenced and
reactions are slowed down. It is expected that lower conver-
sions would be reached at these reaction conditions, allowing
for more detailed kinetic investigations.
(ii) A deeper look was taken into the polymerization setup. In
collaboration with the University of Groningen where a spe-
cialized anionic polymerization setup is available, inﬂuences
from small impurities on the polymerizationwas examined. In
this paper the results gained with the use of regular Schlenk
lines (vacuum/N2, Hasselt technique) are compared to these
reached in Groningen on the specialized setup [22,23], which
allows to avoid the use of syringes and thus water and/or



























BEH-PPV with anionic initiator 1.
I. Cosemans et al. / Polymer 54 (2013) 1298e13041300(iii) Finally, also the synthesis of block copolymers by addition of
a second monomer to the living PPV polymers is described.
Namely tert-butyl acrylate (t-BuA) was used as the second
monomer during the synthesis of the block copolymer. As we
will demonstrate, the high reactivity of the living PPV chain
endsmake block copolymers very challenging, but not entirely
impossible. Block copolymers can indeed be made if remain-
ing homopolymers are removed via selective precipitation and
advanced chromatography techniques. It should be noted that
of course such approach is not the most desirable, but may,
however, yield interesting materials. Preparative chromatog-
raphy is frequently applied for semi-conducting polymer




All solvents and reagents were purchased from Acros or Aldrich
and were used without further puriﬁcation. THF was dried on an
MB-SPS 800 system. On the specialized setup, THF was dried over
tert-butyl lithium (1.9 M in pentane) and condensed under reduced
pressure. Tert-butyl acrylate was dried over calcium hydride, dis-
tilled under reduced pressure and stored under nitrogen at 6 C.
2.2. Analysis
1H NMR spectra were recorded in CDCl3 on a Varian Inova 300
spectrometer at 300 MHz using a 5 mm probe. FT-IR spectra were
collected with a PerkineElmer Spectrum One FT-IR spectropho-
tometer (nominal resolution 4 cm1). Analysis of the MWDs of the
polymer samples were performed on a Tosoh EcoSEC System,
comprising an autosampler, a PSS guard column SDV
(50  7.5 mm), followed by three PSS SDV analytical linear XL
columns (5 mm, 300  7.5 mm) and a differential refractive index
detector (Tosoh EcoSEC RI) using tetrahydrofuran (THF) as the
eluent at 40 C with a ﬂow rate of 1 mL min1. The SEC systemwas
calibrated using linear narrow polystyrene standards ranging from
474 to 7.5  106 g mol1 (PS (K ¼ 14.1 105 dL g1 and a ¼ 0.70)).
Polymer concentrations were in the range of 3e5 mg mL1. Marke
Houwink parameters are not available for the polymers under
investigation, thus unless indicated otherwise only apparent values
based on polystyrene calibration are discussed.
2.3. Polymerization
All polymerization and elimination reactions were carried out as
described before [21]. The polymerization temperature of 78 C
was reached with an isopropanol/dry ice bath. To obtain low mo-
lecular weight materials, 0.5 equivalents of initiator were used. The
synthesis of the precursor polymer was quenched after 15 min by
addition of 0.2 mL concentrated HCl solution (37%).
2.4. Polymer and block copolymer synthesis with high vacuum line
anionic polymerization setup
A dried 50 mL ﬂask was degassed by evacuation on a high
vacuum system and backﬁlled with nitrogen. To this ﬂask the
monomer (0.5 mmol, 0.23 g) and initiator 1 were added and it was
again evacuated and ﬁlled with nitrogen. THF was added by direct
distillation of the dried THF under reduced pressure and the full
mixture was subjected to three freezeepumpethaw cycles. The
concentration is kept around 50 mmol L1 but cannot exactly becontrolled in this way. The ﬂaskwas then cooled to 0 C and LHMDS
(1M in THF, 1.3 equivalents, 0.65 mL) was added using a degassed
syringe. The mixture was stirred for 15 min and quenched with
concentrated HCl (37%). Work-up was done as earlier reported [21].
For the block copolymer synthesis, the reaction was not
quenched with acid, but tert-butyl acrylate (5 equivalents,
2.5 mmol, 0.36 mL) was added using a degassed syringe and the
reaction was consequently stirred for another 15 min at 0 C and
quenched with methanol. Work-up and elimination was again
performed as described before [21]. The conjugated polymer was
precipitated in a MeOH/HCl (2/1) mixture and was ﬁltered as
a sticky red solid. Afterwards the dried polymer was separatedwith
the use of recycling preparative HPLC.
2.5. Separation of polymers
Separation of polymers after selective precipitation were per-
formed on a recycling preparative HPLC LC-9210 NEXT system in
the manual injection mode (3 mL) comprising a JAIGEL-2H and
JAIGEL-3H column and a NEXT series UV detector using CHCl3 as
the eluent with a ﬂow rate of 3.5mLmin1. Fractions were collected
manually.
3. Results and discussion
3.1. Inﬂuence of the mode of compound addition and effect of
lowering reaction temperature
One of the advantages of anionic polymerizations is that the
endgroups of the polymer chains are well-deﬁned. In case of PPV,
the use of dedicated anionic initiators leads towards better deﬁned
polymer chains concerning molecular weights and polydispersities
(PDIs) as described before [21]. An important aspect of PPV poly-
merization is that the associated reactions are particularly fast,
proceeding on the timescale of seconds. Thus, the employed pro-
cedure of adding compounds may have a signiﬁcant inﬂuence on
the outcome of the polymerization reaction. If the base is added to
a mixture of monomer and initiator, then both elimination/depro-
tonation reactions occur at the same instance. If the initiator is
premixed with the base, then chain initiation can in principle start
faster and only the monomer precursor elimination is rate-limiting.
Therefore, the effect of the addition of initiator 1 [21] to the reaction
mixture in different concentrations was investigated by means of
two different addition modes. In the ﬁrst series of experiments (see
Fig. 1, red circles, B ¼> M þ I), the monomer was mixed with the
initiator and dissolved in dry THF. The base (LHMDS (1M solution in
THF)) was added directly to this mixture and stirred for 15 min at
0 C. For the second series of experiments (see Fig.1, green triangles
in web version, I þ B ¼>M), the base and initiator were mixed ﬁrst
(in half the amount of solvent) and then added in one batch to the
monomer in solution. Again the reaction was stirred for 15 min at
0 C and work-up was done as described before [21]. Results for
molecular weights and PDIs are given in Table 1. It must be noted
that only apparent molecular weights Mappn are reported since the
polymers were measured on a GPC with conventional polystyrene
calibration, which nevertheless allows for qualitative discussion of
results and to discern trends. Absolute molecular weights were
determined for selected samples via light scattering; those results
will be discussed below.
From Table 1 and Fig. 1 it can be concluded that both addition
modes show within limits of accuracy the same results regarding
molecular weights and polydispersities and no improvement over
the reaction could be gained by changing the reaction procedure. At
ﬁrst glance, this result appears to be little surprising. Since mono-
mer formation as well as polymerization take place on the
Table 2
Comparison of molecular weights for polymerization reactions at 0 C and 78 C.
Reaction
time (min)
0 C 78 C
Mappn (g mol
1) PDI Yield (%) Mappn (g mol
1) PDI Yield (%)
15 6700 2.1 95 5900 1.5 93
2 9700 2.0 94 6000 1.5 94
“0” 8100 1.9 80
Fig. 1. Apparent inverse of the degree of polymerization reached in polymerizations at
different initiator concentrations and different addition modes of initiator 1.
I. Cosemans et al. / Polymer 54 (2013) 1298e1304 1301timescale of mixing of the components, differences in the product
depending on the practical procedure have been often observed in
the past for PPVs [24]. Regardless, for practical reasons this out-
come simpliﬁes discussion of further results. It seems, however, to
be mandatory to perform such check for each system under
investigation.
In order to understand the polymerization mechanism better,
the reaction temperature was decreased to slow down the reaction.
Therefore, the reaction initiated by 0.1 equivalents of initiator 1was
repeated at 78 C and polymerizations carried out for 15, 2 and
virtually zero minutes reaction time (zero meaning that the reac-
tion was quenched via insertion of an acid solution right after
addition of the base). If the reaction could be slowed down in this
way, yields and molecular weights should become lower than
observed at the usual 0 C and a progress in molecular weight with
time may become observable. The results from these experiments
are summarized in Table 2 (addition mode I þ B ¼> M).
From the results in Table 2, it is clear that even at 78 C, the
molecular weights and yields are e within some scatter e practi-
cally identical compared to for the reactions at 0 C. No signiﬁcant
difference herein could be found when the reaction time was
shortened to 2 min. The only advantage of doing the reaction at
lower temperatures is the observed drop in polydispersity. Even if
the polymerization reaction is quenched with acid directly after
addition of the base (“0” minutes reaction time) at 78 C, the
obtained molecular weight and yield are very high (80%). It can
thus be concluded that the anionic polymerization of PPVmaterials
via the sulﬁnyl precursor route cannot be delayed by means of
lowering the temperature and is already ﬁnished upon mixing of
the components. This also implies that the progression of poly-
merization in terms of kinetics and molecular weight evolution inTable 1
Results for MW and PDI for the different addition modes and initiator
concentrations.
[In] (mmol L1) B ¼> M þ I I þ B ¼> M
Mappn (g mol
1) PDI Mappn (g mol
1) PDI
0 15,600 2.4 15,600 2.4
1.25 12,300 2.2
2.5 8600 2.0 13,000 2.2
5 7400 2.1 6700 2.1
10 4200 1.4 5300 1.5the anionic polymerization reaction can by practical means not be
studied.
3.2. Anionic polymerization setup
Because no control could be gained over the anionic polymer-
ization reaction by lowering the reaction temperature to 78 C,
insights were taken into the polymerization setup. All earlier
published [20,21] and above described polymers were synthesized
via the anionic route using regular Schlenk lines (vacuum/N2). For
comparison, experiments using different equivalents of anionic
initiator 1 were repeated on a high vacuum line anionic polymer-
ization setup with a high vacuum pump which is available at the
University of Groningen. Results for molecular weights and PDIs for
the eliminated polymer P1 are collated in Table 3 and summarized
in Fig. 2.
From Table 3 and Fig. 2, it is clear that the same trends regarding
molecular weight and polydispersity are observed regardless of the
setup used for the synthesis of the polymer. If the initiator con-
centration is plotted against the inverse of the degree of polymer-
ization, the same linear trend is found. With the use of more
equivalents of the dedicated anionic initiator, lower molecular
weights and dispersities were gained in both cases. It can thus be
concluded that similar results were generated for both setups and
that the method, using a conventional Schlenk line to synthesize
PPVmaterials via the anionic pathway, may seem a bit rough at ﬁrst
sight but leads to reproducible and reliable results for the anionic
polymerization pathway. If the results of the conventional GPC
(measured towards polystyrene standards) are compared to results
gained with MALLS (multi angle light scattering) detection, it can
be seen that the number average molecular weights are in good
agreement for both characterization techniques. This agreement is
essentially coincidental, but is of course advantageous since it
simpliﬁes further investigations tremendously. When analysing the
polydispersities, however, one sees a signiﬁcant difference. MALLS
reveals that the molecular weight distributions are associated with
a signiﬁcantly lower dispersity than they appear to be in conven-
tional GPC. The MALLS data show that for all samples PDI’s of <1.5
are obtained, which underpins that the polymerization indeed
proceeds via a living polymerization pathway [25]. At the highest
initiator concentration, a dispersity of 1.1 is reached, which is an
exceptionally narrow distribution for a conjugated polymer mate-
rial. This observation should not be underestimated. Self-assembly
of materials may only become possible when precise and narrow
block length distributions are accessible. Via the radical pathway
mentioned above, so far only PPV blocks with a dispersity of min-
imal 2 were obtainable, thus the present data reveal a signiﬁcant
advantage of the anionic polymerization route, that was previously
not acknowledged.
3.3. Block copolymer synthesis on high vacuum line
By synthesizing the PPVs via the anionic polymerization path-
way, a living chain end is created and can be used to synthesize
block copolymers by addition of a second monomer to the poly-
merization mixture. For the synthesis of the PPV-b-P(t-BuA) block
Table 3
Comparison of Mn and PDI for BEH-PPV P1 synthesized on Schlenk lines or on a high vacuum anionic polymerization setup.
[In] (mmol L1) Schlenk lines High vacuum line
Conventional GPC MALLS Conventional GPC MALLS
Mappn (g mol
1) PDI Mn (g mol1) PDI M
app
n (g mol
1) PDI Mn (g mol1) PDI
0 15,600 2.4 15,500 1.4 13,100 2.2 13,300 1.5
2.5 8600 2.0 9600 1.3
5 7400 2.1 7800 1.3 5200 1.7 6000 1.4
10 4200 1.4 4500 1.3
15 3400 1.3 3900 1.2
25 2800 1.2 3000 1.1 2600 1.2 3000 1.1
Fig. 2. Comparison of apparent Mn and PDI for PPVs synthesized on Schlenk lines
(black squares) or with high vacuum line (red circles) measured on conventional GPC.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
I. Cosemans et al. / Polymer 54 (2013) 1298e13041302copolymer, the same anionic initiator with tert-butyl functionality
(1) is used and polymerized with monomer 2 (Scheme 2). After
15 min of reaction time at 0 C, 5 equivalents of tert-butyl acrylate
were added to the reactionmixture and stirred for further 15min at
0 C. The polymerization reaction was then quenched with meth-
anol and extractedwith CH2Cl2. After evaporation of the solvent the
precursor block copolymer P20 was obtained as a sticky yellow




















Scheme 2. Synthesis of BEH-PPV-bﬁltration, the conjugated polymer P2 was obtained as a red solid.
With the goal to synthesize block copolymers via the living chain
end of the PPV block, also styrene was tested as the monomer for
sequential polymerization. The same procedure was followed as
described above, but no block copolymer could be identiﬁed in the
product mixture. The reason for the failure of this experiment could
not be identiﬁed so far and it can only be speculated that the
anionic chain end of the PPV precursor polymer chain does not
favour styrene addition. In a different attempt to synthesize a block
copolymer with a PPV and a polystyrene (PS) block, styrene was
polymerized ﬁrst, initiated by sec-BuLi, followed by addition of the
sulﬁnyl monomer 2 after 15 min of reaction time at 78 C. In this
case a bimodal (no addition of LHMDS to the system) or even
a trimodal (addition of LHMDS directly after addition of monomer
2) GPC proﬁle was measured. The different peaks in the chroma-
togram could essentially be assigned to homopolymers rather than
block copolymers. The reason for the failure of also this method lies
in the basic nature of the active anionic polystyrene chain ends.
These resemble themselves species that can deprotonate the sul-
ﬁnyl monomer, thus activating the PPV polymerization while con-
comitantly deactivating the polystyrene chains. Thus, before PPV
can be added to the chain ends, all anionic centres have already
been quenched.
The only successful method was the ﬁrst described block
extension of the PPV precursor chains with tert-butyl acrylate (see
Scheme 2). Still, the chromatogram measured for the non-puriﬁed
precursor polymer P20 shows a bimodal molecular weight distri-
bution (see Fig. 3 and Table 4 for MW values), indicating that not all
PPV chains were able to react further and form a block copolymer.
Thus, the reaction product resembles a mixture of PPV homopoly-
mer and block copolymer (homopolymer of the acrylate cannot be




















-P(t-BuA) block copolymer P2.
Fig. 3. GPC proﬁle for the precursor block copolymer PPV-b-P(t-BuA) P20 .
I. Cosemans et al. / Polymer 54 (2013) 1298e1304 1303After elimination of the materials to form the conjugated PPV
blocks, copolymer P2 could not be precipitated in MeOH (the usual
non-solvent for PPV materials) but only in a MeOH/HCl (2/1) mix-
ture. This indicates successful chain addition of the acrylate because
pure acrylate homopolymer would dissolve in this solvent mixture.
After precipitation, again a bimodal GPC proﬁle is observed (Fig. 4
and Table 4), however the bimodality is less pronounced due to
the selectiveprecipitation. For comparison, themolecularweights ofTable 4
Molecular weights and polydispersities obtained from conventional SEC for block
copolymers P20 and P2 and the puriﬁed block copolymer fraction of P2 compared to
BEH-PPV.
Precursor polymer Conjugated polymer
Mappn (g mol
1) PDI Mappn (g mol
1) PDI
Pure PPV 3400 1.8 5200 1.7




Fig. 4. GPC proﬁle for the eliminated PPV-b-P(t-BuA) Ppure BEH-PPV (synthesised with 0.1 equivalents of anionic initiator
1) are also collated in Table 4. For the precursor and conjugated PPV
polymer, respectively, an apparent molecular weight of 3400 and
5200 g mol1 was found. In this way, it becomes clear that the low
molecular weight part (high elution volumes) of the bimodality for
P20 and P2 is in agreement with these values. It must be pointed out
that the molecular weights, measured by means of GPC towards
polystyrene standards, for the rod-coil block copolymers P20 and P2
are only a rough estimation of the realmolecularweights because of
the difference in hydrodynamic volume for the different polymer
blocks. Molecular masses should thus be seen as qualitative rather
than quantitative indicators.
To further purify the polymer obtained, the conjugated block
copolymer P2 was subjected to recycling preparative GPC, a stan-
dard technique for the separation of conjugated polymer materials
[26,27]. In this way, the block copolymer P2 could be separated
from the homopolymer P1. The polymers were fractionated during
the second cycle (collected from 88.7 to 95.1 min, see Fig. 4).
After fractionation, the high molecular weight fraction was
characterized using 1H NMR, FT-IR, UVeVis and ﬂuorescence
spectrometry, TGA (thermo gravimetric analysis) and DSC (differ-
ential scanning calorimetry) measurements. Spectra can be found
in supporting information. From the selective precipitation of the
conjugated polymer P2, it was already clear that a PPV-b-P(t-BuA)
block copolymer was formed. This is further provenwith the use of
FT-IR and 1H NMR spectroscopy. If the FT-IR spectra for the pure
BEH-PPV P1 (black line, Fig. 5) and BEH-PPV-b-P(t-BuA) P2 (red
line, Fig. 5) are compared, it is clear that signals at 1728, 1368 and
1150 cm1 appear which can be assigned to the carbonyl func-
tionality of the acrylate block that is now attached to the PPV block.
The 1H NMR spectrum for the high molecular weight fraction of
P2 (Supporting information, Fig. S1) also shows signals for both the
PPV and the poly(tert-butyl acrylate) block. From this NMR spec-
trum, integrating the signal for the aromatic protons of the PPV
main chain, the length of the different blocks of P2 could be cal-
culated. For the eliminated BEH-PPV, synthesized with the use of
0.1 equivalents of initiator, an average molecular weight of around
5200 is found (see Table 4). This translates to an average of 15 PPV
units present in the ﬁrst polymer block (molecular weight of one
unit ¼ 357 g mol1). From the integration of the peak at 2.23 ppm
(the signal for the CH group present in the main chain of P(t-BuA)),
it can thus be concluded that around 250 units of acrylate are2 before (left) and separation on recycling HPLC.
Fig. 5. FT-IR spectra for BEH-PPV P1 (black line) and BEH-PPV-b-P(t-BuA) P2 (red line).
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
I. Cosemans et al. / Polymer 54 (2013) 1298e13041304present in the block copolymer. If the total molecular weight is now
calculated from this amount of units derived from the NMR spec-
trum, a total value of 37,200 g mol1 is reached (5200 for the PPV
block and 32,000 for the acrylate block). In comparison to these
calculated values, the molecular weight determined with conven-
tional GPC (48,300 g mol1) is in good agreement (within the error
of measuring the molecular weights of these materials towards
polystyrene standards).
In contrast, however, if one would calculate the theoretical
amount of acrylate units for full conversion, the molecular weight
of the acrylate block should have been around 6400. This mismatch
between the theoretically expected composition and the exper-
imentally derived one can be explained by only partial reinitiation
of the chains (as already indicated by the bimodality) as well as
preparative separation of the polymers, which have cut out sys-
tematically lower molecular weight blocks, thus also shifting the
average molecular weights.
4. Conclusions
In conclusion, PPV formation via the anionic polymerization
mode in the sulﬁnyl precursor route is very fast and yields narrowly
distributed PPV materials. Reactions proceed on the timescale of
mixing of the components and two different addition modes of
components were tested, which gave the same results regarding
molecular weights and polydispersities. Even by polymerizing at
very low temperatures (78 C) no further control could be gained
besides a slight improvement in polydispersity. A direct quenching
experiment revealed that the polymerization reaction is also at that
temperature already ﬁnished upon mixing of the different com-
ponents. If the PPV polymerizations are repeated on a dedicated
high vacuum anionic polymerization setup, gained molecular
weights and polydispersities are similar. The use of regular Schlenk
lines is thus a good synthetic tool to reach reproducible results for
the anionic PPV polymerization via the sulﬁnyl route. For the syn-
thesis of block copolymers, making use of the living chain end of
the PPV chain was not fully successful. Formation of block copoly-
mer occurred, but also PPV homopolymer remained in the product
mixture. After selective precipitation and fractionation on a pre-
parative recycling GPC, a high molecular weight block copolymer
could nevertheless be successful isolated. Block structure and
composition were conﬁrmed via FT-IR and 1H NMRmeasurements.This study marks a signiﬁcant step towards further in-
vestigations in to PPV-containing block copolymer materials. While
still essentially successful in the goal of producing block co-
polymers (at least on small scale), it is clear from the above
described investigations that sequential monomer addition is not
suitable to prepare block structures efﬁciently. Future studies will
thus focus on the possibility to use functionalized anionic initiators
to reach the goal of well-deﬁned endgroup structures (on the
chain-initiating side) in the PPV chains, which can then likewise be
used to prepare block copolymers.
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